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• Berkeley 1981 

Chapter 1 – Surveying the Universe 
Marc Davis  



•  Original CfA1 Survey:  
o  1.5m telescope, Mt Hopkins ~200 nights over ~2 years  
o  Survey measured ~2000 redshifts at rate ~25/clear night 
o  I came to Berkeley so Simon & I could work together on its interpretation 

•  CfA1 results: 
o  told us about filamentary structure of the galaxy distribution.   
o  was a big surprise to the Astrophysics community and motivated 

numerical simulations of LSS  

•  Simon & I hired Carlos Frenk as a new postdoc, and we got the best 
code and code master, George Efstathiou, to work with us 

•  Thus the ‘Gang of 4’ was born! 





CfA1 survey (1982) over Northern 
hemisphere.  The 1st redshift survey 



20,000 particle, n=-1 power law simulation, 
(Efstathiou & Eastwood, 1981) 

Prior to the invention of inflationary cosmology 
by Linde & Guth, this was about as good initial 
conditions as could be devised  



•  4 Mbytes RAM, ~2 Mb useable 
•  1 processor ~1 Mhz  
•  required a cooled room to house lots of 

racks of memory and hard disks  
•  weight ?? several thousand kilos. 

•  This was the ONLY computer in the 
department, and we wanted >50% of 
computation time for >6 months 

•  Devise backups every day in case 
system crashed  



How to specify initial conditions? 

•  323 particles allowed 
specification of 16 waves in 
each direction. 

•  Needed to understand how to 
use Zel’dovich method for 
specification of δk and vk.  This 
was critical, and we were 
unaware of anyone using this 
method. Method published in 
1983. 

•  The VAX was going to take ~3 
months per run, so we had to 
be careful. (mistake in a 
Fortran common statement!) 



Which is the real sky (323 
particles) ?? 

The birth of CDM, but was 
actually ΛCDM (1985). 



Real 

Simulation 
Springel, Frenk, & White, 2006 



• Berkeley 1981 

Chapter 2 – N-body simulations 
George Efstathiou   



`But if the matter were evenly disposed 
thoughout an infinite space, it could never 
convene into one mass; but some of it 
would convene into one mass and some 
into another ....... And thus might the sun 
and fixed stars be formed, supposing the 
matter were of a lucid nature.' 
Newton to Bentley (Master of Trinity College)‏ 
December 10 1692.   































































  Computers double their              
speed every 18 months 

  A naive N-body force                 
calculation needs N2 op's 

  Simulations double their             
size every 16.5 months 

  Progress has been roughly          
equally due to hardware             
and to improved algorithms  

           Millennium Run 

Hubble Volume 

White 1976 

Efstathiou & Eastwood               
1980 DEFW 

● 
       Horizon Simulation 

       Millennium XXL 



• Berkeley 1981 

Chapter 3 – Where galaxies form 
Carlos Frenk   



University of Durham 

Institute for Computational Cosmology 

Clumps of dark matter: dark halos 

 key to understanding how universe is structured 



Dark matter 

Cosmic inflation  
 initial conditions 

Two revolutionary ideas were 
proposed in 1980  



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

What is the dark matter? 

Key assumption: the dark matter is an 
elementary particle formed in the early universe, 

different from particles in ordinary atoms 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

t=10-35 seconds  

The formation of cosmic structure 

Supercomputer simulations use the 
laws of physics to calculate how 
small primordial seeds grow into 

galaxies today 

Simulations 

“Cosmology machine” 

t=13.8 billion yrs  



University of Durham 

Institute for Computational Cosmology 

The `Gang of Four’  - 1983 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

What is the dark matter? 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

Particle dark matter 
candidates  

hot neutrino a few eV 

warm 
      sterile ν          

majoron 
keV-MeV 

cold 
   axion 
neutralino 

10-5eV-
>100 GeV 

     Type              example          mass 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 



University of Durham 

Institute for Computational Cosmology 

The universe in a computer 

December 1981 

Speed = 500,000 FLOPS 
RAM   = 4 Mbytes 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

The Aquarius simulations 

800 Teraflops 
144 Terabytes RAM 

Julich BlueGene 

2008 

 a Tera = a trillion (1012)  

 over a billion times faster than VAX 780 



University of Durham 

Institute for Computational Cosmology 

6 CDM halos with ~1000 particles (1988) 

Frenk, White, Davis, Efstathiou ‘88 



University of Durham 

Institute for Computational Cosmology 

The 
Aquarius 
“Billenniu
m” halo 

simulation
. A dark 
matter 

halo with 
1 billion 
particles 

within the 
virial 
radius. 

50
0 

kp
c 

Play Movie 

6 CDM halos with 200 million particles (2008) 

• Springel et al ‘08 



University of Durham 

Institute for Computational Cosmology 

1 billion particles (2008) 4000 particles (1988) 



University of Durham 

Institute for Computational Cosmology 

1 billion particles (2008) 



University of Durham 

Institute for Computational Cosmology 

The properties of CDM halos 

Frenk, White, Davis, 
Efstathiou 1988 

rotation curves 

angular momentum 
shapes 



University of Durham 

Institute for Computational Cosmology 

The properties of CDM halos 

Frenk, White, Davis, 
Efstathiou 1988 

halo mass function 

Tully-Fisher  Mass-to-light ratio 

These results have not 
changed with larger 

simulations 



z=2.5 

z=1 

z=0 



University of Durham 

Institute for Computational Cosmology 

CDM rules 1987 



University of Durham 

Institute for Computational Cosmology 

The Density Profile of Cold Dark 
Matter Halos 
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Frenk et al ‘85 

Dwarf galaxies 
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(Navarro, Frenk 
& White ‘97) 

This prediction offers the possibility of testing the theory 
against astronomical data   

20 years later 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

Is it really cold dark matter?  

Peering deeper into the dark  



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

Gravitational lensing 

Light from distant galaxies is deflected by dark matter in 
cluster, distorting the galaxies’ images  into arcs 

NFW  

Okabe et al 2010 



University of Durham 

Institute for Computational Cosmology 

The Density Profile of Cold Dark 
Matter Halos 

Galaxy clusters 
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(Navarro, Frenk & 
White ‘97) 

Dwarf galaxies ✓ 

✔ 

? 



University of Durham 

Institute for Computational Cosmology 

Sculptor 

Leo I 

Sagittarius 
Sextans 

Dwarf galaxies around the Milky Way 

Carina 

Fornax 



University of Durham 

Institute for Computational Cosmology 

• cold dark matter 

• Lovell, Eke, Frenk, Gao, Jenkins, White, Theuns  et al 2011 

• The Milky Way 
satellites would form in 

subhalos 



University of Durham 

Institute for Computational Cosmology 

• cold dark matter 

• Lovell, Eke, Frenk, Gao, Jenkins, White, Theuns  et al 2011 

• Recent data suggest that CDM 
halos do not have the right  

properties to host the satellites  



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

Particle dark matter 
candidates  

hot neutrino a few eV 

warm 
      sterile ν          

majoron 
keV-MeV 

cold 
   axion 
neutralino 

10-5eV-
>100 GeV 

     Type              example          mass 



University of Durham 

Institute for Computational Cosmology 

• cold dark matter • warm dark matter  

• Lovell, Eke, Frenk, Gao, Jenkins, White, Theuns  et al 2011 

Warm dark matter 
subhalos seem to be 

just right  



Springel, Frenk & White  
Nature, April ‘06 

real 

simulated 

2dFGRS 

SDSS 

CfA 
The large-scale structure of the universe is 

the same in WDM as in CDM! 

But the implications for particle 
physics are huge 



University of Durham 

Institute for Computational Cosmology 

Searching for the dark matter ? 



University of Durham 

Institute for Computational Cosmology 

Cold dark matter ? 

UK DM search 
(Boulby mine) 

Dark matter discovery possible in several ways 

• Evidence for SUSY 

• Annihilation radiation  

• Direct detection  



University of Durham 

Institute for Computational Cosmology 

MiniBoone 
(Fermilab) 

Nature March/2010 

Best candidate for 
warm dark matter is 

a sterile neutrino 



University of Durham 

Institute for Computational Cosmology 

There has been great  progress in cosmology in 
the past 30 years  

… and there is still a lot more to come 



• Berkeley 1981 

Chapter 4 – The large-scale structure  
Simon White  



              Fritz Zwicky 
Unseen (“dark”) matter (1933)‏ 



              Fritz Zwicky 
Unseen (“dark”) matter (1933)‏ 

           Beatrice Tinsley 
    Galaxy evolution (1970's)‏ 











cluster simulation 1977 



Einstein Observatory 

cluster images 
1980 

cluster simulation 1977 



Chickens and blobs (1981-1982)‏ 

Klypin & Shandarin 1983 

Frenk, White & Davis 1983 



Excluding massive neutrinos as the Dark Matter 

CfA ν1 

ν2 ν3 

CDM1 

CDM2 

White, Frenk & Davis 1983  -- confirmed by the Fermilab MINOS experiment in 2006 



But standard CDM needed something else... 
...an open Universe? 
...more relativistic neutrinos? 
...a cosmological constant? 

Efstathiou, Maddox & Sutherland 1990 

galaxy clustering data from the 
APM survey 

prediction for a flat Universe 
with just CDM 

prediction for a flat Universe 
with CDM+cosmological 
                            constant 



Nature 1990 



Nature 1990 

Nature 1993 



Nature 1990 

Nature 1993 Nature 1993 

Nature 1995 



             Riess et al 1998 de Bernardis et al 2000 

Prevailing theoretical prejudice is sometimes right... 

      ...the Universe is accelerating..                 ..and it is flat! 



Large-scale 
structure at 
high redshift 

Large-scale structure in 
the mass distribution is 
weaker at high redshift 

Large-scale structure in 
the galaxy distribution 
varies little with redshift 
and is as strong at z=8.5 
as at z=0 

     Galaxies are strongly 
biased (and Ω~1) at z=2 

Springel, Frenk & White 2006 



The MXXL 

Bigger than the 
Millennium Run 
by factors of 

30 in Nparticle     

200 in Volume 

6 in  mparticle     

   Angulo, Springel           
et al 2011 



The MXXL 

Bigger than the 
Millennium Run 
by factors of 

30 in Nparticle     

200 in Volume 

6 in  mparticle     

   Angulo, Springel           
et al 2011 

3.3x108 galaxies 
at z = 0 with  
log M*/M⊙ > 10 



Different galaxy catalogues in the z=0 MXXL simulation trace the 
Baryon Acoustic Oscillation features with a scale-dependent bias 
Makes it difficult to use the BAOs to measure the precise expansion history and so constrain 
Dark Energy 

BOSS-like  
survey 

Angulo et al. (2011)‏ 






